Experimental investigations were conducted to characterise the impacts of crosswind and burner aspect ratio on the flame evolution characteristics and flame base drag length of gas diffusion flames on rectangular burners. The burners have the same surface area of approximately 100 cm 2 . The tests to capture the flame base drag length were conducted three times for each condition with the differences between the original and repeated tests being less than 6%. The thermocouple readings were corrected for the effect of radiative and convective heat exchange with the surroundings. Overall, 84 independent test conditions were conducted on 4 different burner aspect ratios, 3 fuel supply rates and 7 crosswind conditions. The changing behaviour of the flame with different burner aspect ratios, heat release rates and crosswind speeds were carefully analysed. The appearance of "blue flames" in the upstream edge of the main diffusion flames just above the burner in relatively strong winds was analysed. Unlike the flame tilt angle and flame height which either increase (the former) or decrease (the later) monotonically with the increase of wind speed, the flame base drag length was found to increase with the wind speed firstly until a critical point and then decrease with further increase of the crosswind for a given heat release rate. This is thought to be due to the competing influence of thermal buoyancy and wind induced inertial forces. The transition point for the maximum flame base drag 1 Corresponding author: Jennifer.wen@warwick.ac.uk 2 length with regard to crosswind was found to decrease with the increasing aspect ratio of the burner for a given heat release rate. A new physics-based correlation considering decay phase with the crosswinds was proposed for the flame base drag length incorporating all important physical factors including inertia force, fire induced thermal buoyancy, Froude number, dimensionless heat release rate and fuel/air density ratio. The proposed formulations were found to correlate well with the current measurements of gas burner fires as well as some published data in the literature for pool fires on the ground which were not used in their derivation.
Introduction
Diffusion flames in crosswinds have attracted considerable interests from fire safety researchers [1] [2] [3] . Most previous studies used circular or square burners while a limited few experiments were conducted with rectangular burners with different aspect ratios [4] [5] [6] [7] [8] . Hasemi and Nishihata [4] established that the fire source shape (aspect ratio) should be taken into account on the prediction of flame height and fire plume temperature. Quintiere and Grove [5] investigated the transition behaviour on flame height and plume temperature from axisymmetric source to line source in a quiescent condition. Tang et al. [8] experimentally measured mean flame heights and tilt angles on four medium scale rectangular burners as well as a square pool of 0.205 m × 0.205 m.
In these fire scenarios, the unburnt fuel is close to the burner surface and dragged towards the downwind direction. The downstream side is preheated by the inclined flame. Both factors can influence flame spread but their effects may not be the same. The flame drag length is an important parameter which characterizes such effects and hence of important safety relevance for liquid pool (tank) fires [3] , tunnel fires [9] and flame spread on solid fuels [10, 11] . Dimensionless correlations for the flame base drag length have been proposed by various investigators [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Welker and Sliepcevich [12, 13] correlated the flame base drag length with Froude number and fuel/air density ratio for relatively low winds. Moorhouse [14] and Johnson [16] studied larger liquefied natural gas pool fires in crosswinds and correlated the flame base drag length with just the Froude number. Their correlation was later adopted by Lautkaski [17] for large tank fires through the adjustment via a coefficient, where the range of Froude numbers is from 0.08 to 0.1. Raj [18] re-analysed Welker's 4 laboratory scale (0.1-0.6 m) data with different hydrocarbon fuels in crosswinds and developed a correlation shown in Eq. (1). Hu et al. [19] studied the effect of sub-atmospheric pressure (64 kPa) on the flame base drag length. Tang et al. [20] established the relation between flame base drag length and heat flux through tests on a gas burner of 25 (L) ×5 (W) ×8.5 (H) cm. More recently, Hu et al. [21] investigated the influence of pool elevation height (the burner is 2-5 cm above ground plane) on flame base drag length and incorporated the effect of heat release rate as depicted in Eq. (2), where the range of Froude numbers is from 0.25 to 6.25. 
where the dimensionless HRR can be expressed as:
Although these previous studies were based on both rectangular and circular burners, the effect of the aspect ratio (ratio of long rim to short rim) for rectangular burners has not addressed explicitly or 5 included in the resulting correlations such as Eqs. (1) and (2) . However, burner shapes do affect the burning characteristics of the spreading fire. For example, the burning behaviour of vehicle fires have been studied for decades mostly by assuming square or circular fire base but in reality they are more like fires on rectangular sources with different aspect ratios. Such assumption can impact on the estimated fire hazards and corresponding fire protection measures. In addition, the changing trend of the flame base drag length in relation to wind condition is not only of practical importance to pool fire hazards assessment, but it can also shade light on flame spread over solid fuels.
In summary, despite considerable progresses, insight about the effects of crosswind and burner aspect ratio on the dynamics and flame base drag length of pool fires is still lacking. Associated with this is the lack of physics based formulations, which incorporate all the important factors including burner geometry, fuel properties and the complex fluid dynamics to assist fire safety considerations in practical applications. The present work aims to fill these knowledge gaps by experimentally studying propane fires on rectangular burners with different aspect ratios in crosswinds of varying speeds, considering some fine features of the flame behaviour and developing a physics-based correlation to predict the flame base drag length for pool fires on the ground. The new correlation will also be tested against some published data in the literature which were not used in their derivation. convective heat exchange with the surroundings [22] [23] [24] [25] [26] . It can be concluded that the impact of such correction increased with the increasing measurement temperature. When the temperature rise was 828 K, the relative radiation errors was no more than 9%.
Experiments
Detailed experimental conditions are listed in Table 1 . The different combination of the test conditions were covered in 84 tests. Each test was repeated three times and found to have very good repeatability with the differences between different tests being less than 6%.
Results and discussion

The flame characteristics and the evolution of the flame base drag length
The mean flame evolution on the burner with burner aspect ratio n=2 in crosswinds of six different speeds is shown in Figure 3 . As some gaseous fuel (propane) has been blown towards downstream, the actual flame base length goes beyond the burner edge. Unlike the flame tilt angle and flame height, 2.09 m/s. Generally, fuel air mixing in diffusion flames are due to air entrainment. In the cases of strong winds, the fuel is heavily blown towards downstream by fresh air and the main diffusion flames are mostly burning beyond the burner edge. The observed broad blue flames are thought to be highly strained diffusion flames where the residence time was insufficient for soot formation.
In Figure 5 , the vertical temperature rise at different heights are plotted against the horizontal locations of the thermocouples for the burner with n=2 and HRR=10.92 kW. Figures 6 and 7 present the temperature field evolution (the thermocouple layout can be seen in Figure 1c ). Here the shaded temperature contours 2 cm above the ground were generated by the Surfer software (www. and HRRs. Each test was repeated three times and found to have very good repeatability with the 10 differences between the original and repeated tests to be less than 6%. As discussed earlier, the wind facing cross-sectional area increases with increasing burner aspect ratio, rendering the flammable mixture to be brought to the downstream region more easily. The flame base drag length initially increases with the increase in the crosswind speed due to enhanced fuel air mixing, but after the later reaches a critical value, it starts to decrease with further increase in the crosswind speed. There exists a critical wind speed at which the flame base drag length peaked. The results here also indicates that this critical wind speed decrease with the increase of the burner aspect ratio. In addition, the critical wind speed for each burner is found to correspond to the wind speed for the appearance of localised premixed blue flame at the upwind edge above the burner, i.e. 1.63, 1.36, 1.14 and 0.91 m/s for the conditions tested. Figure 9 compares the present measurements with some previous correlations of dimensionless flame base drag lengths. The correlations of Mudan [14] , Moorhouse [15] , Johnson [16] , Lautkaski [17] are found to significantly under-predict the measurements for most burner aspect ratios as their correlations were derived with measurements on burners elevated above the ground but the elevation height was not included in the correlation, especially the non-monotonic evolution of the flame-base drag lengths with crosswind velocity in this experimental study cannot be predicted by previous correlations.
Comparison with previous correlations and measurements
Hu et al. [21] subsequently incorporated burner elevation in their correlation, but as shown in Figure 9b , their new correlation still significantly under-predicts the data even if the elevation height "H" in Eq. (2) was set to zero. Their tests conducted with the burner elevated between 2 to 5 cm also showed that the flame base drag length in the 2 cm tests were almost twice that in the 3 cm tests.
Further increase in the burner elevation heights were found to have less influence, implying that the flame base drag length change rapidly for small burner elevation heights (<3 cm). In Figure 9c , the measurements of Welker and Sliepcevich [12] with the burner directly sitting on the ground are in very good agreement with the present data, when the crosswinds are between 0.4 and 2.05 m/s. It is found that the dimensionless flame base drag length is higher than the results of Hu et al. [19] with 3cm burner elevation. For 2.5 Fr  , the data of Hu et al. did not show any declining of the flame base drag length as the present data and that of Welker and Sliepcevich [12] , where it's Fr of all tests are lower than 2.5; but just slower rate of increase. The range of Froude numbers and Reynolds number for the previous works can be found in Table 2 .
In summary, although qualitatively the non-monotonic evolution of the flame-base drag lengths with the change of the crosswind speed cannot be captured by the previous correlations, which did not incorporate the effect of pool aspect ratio and relative strong wind on the flame-base drag length. As a result, relatively large discrepancies are seen between the predictions of the previous correlations 12 and the current experimental measurements.
New correlation for flame base drag length of pool fires on the ground
The above analysis and comparison indicated the need for a new correlation which can incorporate all the important factors not fully considered in previous correlations. As shown in Figure   2 , the major influencing factors of the flame base drag length include the following:
1. The speed of the crosswind represented by the inertial force i F [18] .
The heat release rate (HRR)
3. The dimensions of the rectangular burner.
This not only influences the wind facing surface area of the flame but also distances the flame needs to be blown downstream to beyond the burner edge (see Figures 1 and 2 ). The long rim of burner is windward (see Figure 1) , the larger burner aspect ratio, the more the extent of downwind stretch easily for a given wind speed.
The fuel (or fuel vapour for liquid pool fire)/air density ratio
The larger the fuel/air density ratio, the smaller the buoyancy forces and the harder for the fire plume to rise.
From the above analysis, the flame base drag length is dependent on both buoyancy Fb (embed in both HRR and the fuel/air density ratio) and inertial forces Fi. Figure 10 
Using the equivalent diameter defined in Eq. (10), equivalent dimensionless HRR expressed in Eq. (4) and applying least square fitting to the present data only, the coefficients/constants in Eq. (9) are determined as shown in Eq. (11), where the crosswinds is over 0.4 m/s. In Figure 12 It can be seen that these independent tests which were mostly captured by the present correlation with the maximum discrepancy being less than 16% except the case with very low wind speed of 0.4 m/s.
Because the fire was mostly buoyancy controlled, the effect of the limited inertial forces induced by the very low crosswind only had minor influences. Meanwhile, as shown in Figure 12 , it is also can be found that this new correlation cannot predict the conditions under different side wall height [21] . 
Conclusions
A series of experiments have been carried out to investigate the effects of crosswind and burner aspect ratio on flame characteristics and flame base drag length of pool fires on rectangular burners with different aspect ratios. As some gaseous fuel (propane in this case) has been blown towards 15 downstream, the actual flame base extended beyond the burner edge. The flame base drag length was found to increase firstly and then decreases with the increasing crosswind speed. There is a critical crosswind speed at which the flame base drag length peaked. The critical crosswind speed was found to decrease with the increasing burner aspect ratio and HRR.
Below the critical wind speed, the burner with the highest aspect ratio, i.e. the width (W) along the wind direction and longest length facing the wind, was most strongly affected by the wind, resulting in the largest flame base length. Above the critical wind speed, on the contrary, the flames on all burners were smaller as some unburnt fuel is blown away further downstream and unable to ignite. Pockets of broad blue flames have been observed above the burner and in the upstream edge of the main diffusion flames in relatively large wind condition. These are thought to be highly strained diffusion flames where the residence time was insufficient for soot formation.
Further quantified analysis also revealed that the flame base drag length increases with the increase of Fr when 2.5 Fr  ; and decreases with the increase of Fr after it peaks at 2.5 Fr = for all the burners tested. A new correlation, which incorporates all the major influencing factors including the burner aspect ratios, Froude number, dimensionless heat release rates, and fuel (or fuel vapour)/air density ratio, has been proposed. The new formula was found to correlate well the present as well as some published test data of different liquid fuels which were not used in their derivation for pool fires on the ground, indicting the potential applicability of the proposed correlation for all rectangular pool 16 fires on land. （The x-coordinate and the y-coordinate are the spatial positions, as shown in Figure 1c ). Welker and Sliepcevich [12] ,Welker [13] n=8; HRR= 
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